The present work discusses retardation of hydration of sodium metasilicate (SMS)-activated calcium aluminate cement (CAC)/ Class F fly ash blend at 85 o C. Screening of common retarders, including citric-, tartaric-, and boric-acids, via isothermal calorimetric measurements identified tartaric acid as the most efficient in delaying the set of the blend. None of these retarders compromised the development of long-term compressive strength or toughness at concentrations of up to 1% by weight of blend (bwob) at 200-and 300 o C. The reaction products of tartaric acid and the components of the blend were characterized by XRD and Fourier-transform infrared. The main conclusions drawn from this study were that SMS not only activates the hydration of waterinert fly ash F, but also delays the set of the CAC/Class F fly ash blend. Adding tartaric acid further retards the set of the blend and formation of crystalline hydrates at 85 o C, so promoting sodalite crystallization at 300 o C. Hypothesis to explain the set-retarding mechanism are proposed.
Introduction
Geothermal wells present one of the most severe conditions that cement may experience. In addition to the chemically aggressive environment the cement is exposed to a significant thermal shock when wells constructed under relatively mild temperatures of about 80-100 o C are moved into production and the temperature may go up by several hundred degrees. The differences in temperature between the injection-and production-heat-carrier fluids may further impose a constant thermal-shock on the cement.
A thermal-shock-resistant cement (TSRC) consisting of two cement-forming reactants, calcium aluminate cement (CAC) and Class F fly ash, and one alkaline activator (sodium metasilicate) was formulated to deal with this issue [1] . When the cement slurry made from the dry blend of these three components was autoclaved at 200°C, it formed four crystalline hydration products, boehmite, katoite, hydrogrossular, and hydroxysodalite that were responsible for cement strength. After testing this autoclaved cement in 5-cycle 500°C heating-water quenching, we observed that three crystalline phase-transformations occurred: Boehmite → g-Al 2 O 3 , katoite → calcite, and hydroxysodalite → carbonated sodalite. Among those, the hydroxysodalite → carbonated sodalite transformation played a pivotal role in densifying the cementitious structure, and in sustaining the material's original compressive strength developed after autoclaving; additionally, it improved the resistance of the CAC to thermal shock.
To be of use in geothermal wells this blend must stay fluid for times that are long-enough for slurry pumping between a casing and a formation. With few exceptions, geothermal wells are not cemented at high temperatures. The fluids circulated during drilling cool the formation. The maximum circulating temperatures during cementing seldom exceed 116 o C [2] with the average being around 85 o C. The downhole pressures are rarely above the water gradient in geothermal fields. For example, a maximum of 5,000 psi and a midpoint of 2,500 psi are typical for a US geothermal cementing (Mark Sauter, ThermaSource, personal communication). Although the formulation of Ordinary Portland cement systems with adequate thickening times usually is not a problem for such conditions, there is no up-to-date knowledge of the high temperature behavior of TSRC under conditions of shear and pressure. Normally, pumping times of up to 6 hours are required to place cements successfully. The requirement for the rapid development of mechanical properties after placing the cement imposes additional limitations on the acceptability of retarder systems. Even for CAC alone there is little information on its high-temperature pumpability, since its applications in hot subterranean wells are limited [3] .
From the very early studies of calcium-aluminate cements, various organic compounds were shown to retard the hydration of their major component, monocalcium aluminate [4] . Rodger and Double examined the retarding effect of citric acid on CAC hydration [5] . Another study reported a significant delay in the hydration of calcium aluminates in the presence of tartaric acid [6] . Among the various retarders, tartaric-, citric-, and boric-acids are used both for Ordinary Portland Cement (OPC) and conventional calcium aluminate cement (CAC) [7] [8] [9] [10] . The present work evaluates effect of these retarders on the hydration of CAC. The effect of sodium silicate used as an alkali activator in TSRC on the hydration of CAC and FAF separately at 85 o C, and when combined in the blend is also part of this study. Sodium silicate was reported to slow down hydration of CAC and fly ash at certain concentrations [11] [12] [13] [14] .
This paper presents results of: 1) screening retarders most suitable for the TSRC blend; 2) evaluating effect of the retarders on the compressive strength developed at hydrothermal temperatures of 85°C, 200°C, and 300°C; 3) assessing the separate and combined effect of the selected retarder and SMS on hydration of cement blend components in calorimetric tests at 85 o C; 4) determining possible reaction products of the retarder and SMS with CAC at high retarder concentrations; 6) recording the alteration in the composition of the crystalline phase of retarded TSRC at 85 o C and 300 o C; 7) evaluating performance of the selected retarder in thickening time tests following procedure 10-B of American Petroleum Institute (API) to assess slurries' pumping times for placement in subterranean wells. The four solids oxalic acid (OA), D-( -)-tartaric acid (TA), citric acid (CA), and boric acid (BA) were supplied by SigmaAldrich. In addition, the 37 wt% sodium silicate solution (SiO 2 / Na 2 O ratio of 2.50) with the trade name "STAR" was obtained from PQ Corporation and tested to compare its retarding effect on CAC against that of SMS.
Experimental Procedures
Some tests were performed on foamed slurries, for which the cocamidopropyl dimethylamine oxide-based foaming agent (FA) was provided by Halliburton under the trade name of "ZoneSealant 2000." To achieve a density of about 1.3 g/cm 3 the foaming agent was added at 0.3 % by total weight of water.
The blend cement consisted of 60 wt% CAC and 40 wt% Class F fly ash. The sodium metasilicate was dry-blended with this mixture at 6.0 % by weight of the blend. The amounts of retarder used were 0.2-, 0.5-, 0.7-, and 1.0-% by weight of this dry mixture. For the base slurries, the water-to-solid ratio was 0.52, while for the foamed slurries it was 0.55. To prepare foamed slurry the foaming agent was dissolved in water first and then this solution was added to the dry blend of TSRC with a retarder. Finally, the cement slurry was mixed thoroughly for 30 seconds in a blender.
For compressive strength measurements, the slurries were cast into cylindrical molds (20 mm diam. and 40 mm long). The molds could not be placed into an oven at 85 o C so all the samples were left at room temperature for 72 hours, followed by 24 hours curing under a 100% relative humidity (R.H.) at 85°C. Then, some 85°C-hardened cements were autoclaved at 200 o C or 300°C for 24 hours under a pressure of 6.9 MPa.
Measurements
TAM Air Isothermal Microcalorimetry was used to follow heat released during the hydration of the cement slurries at 85°C. The temperature re-equilibration time to 85 o C after the introduction of ampules with cement slurry into the calorimeter was 40 minutes. The compressive strength was determined using the Electromechanical Instron System. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) and X-ray powder diffraction (XRD) using Cu Kα radiation (40 kV, 40 mA) were employed to identify the amorphous-and crystalline-reaction products, and to define the crystalline phase transformations after autoclaving samples at 300 o C.
Results and Discussion

Effect of SMS and Various Retarders on TSRC Hydration
Effect of SMS used for activating the fly ash in TSRC on the hydration of CAC was evaluated in calorimetric studies at 85 o C. Figure 1 compares the heat flow curves of CAC slurries prepared with water, NaOH solution, or SMS solution. The CAC-water slurry (sample a) generated the maximum heat flow (MHF) of 168 mW/g at the top of the sharp narrow No.1 peak after only 13 minutes. The slurry was solid by the end of the peak.
Interestingly, the value of MHF strikingly diminished by 10.5 fold to16 mW/g, during CAC hydration in a SMS solution (sample c). The second broad peak (No. 2) appeared between 1 hr 51 min and 19 hr 28 min in the presence of SMS. Shortly before the onset of the No.2 peak, CAC slurry remained fluid, but although the MHF of the second peak was only 6 mW/g, the slurry was no longer mixable at the time of the peak's maximum. Since SMS forms two reactants in water, sodium hydroxide and sodium silicate, Na 2 SiO 3 + 2H 2 O → NaOH + Na + -OSi(OH) 3 , so the intriguing question was which of the two reactants inhibits the hydration of CAC, decreasing the heat flow and delaying the set. To answer this question the heat flow of CAC hydration in a solution of NaOH at concentration equivalent to that produced by SMS (4.2 wt. %) was measured (sample b). Although the MHF was lower than in CAC-water system, the No.2 peak did not appear and the cement set by the end of the first peak. Thus, NaOH did not effectively inhibit the hydration of CAC.
Earlier studies recorded a strong retardation of CAC hydration by sodium silicate [11] . Figure 2 shows the effect of sodium silicate with low (1) and high (2.5) SiO 2 /Na 2 O ratios on heat flow during CAC hydration. Both silicates retarded the main heat peak of CAC cement. The higher was the concentration of meta-silicate, the more delayed was the major hydration peak and smaller the maximum heat released.
In the case of the silicate with high SiO 2 /Na 2 O ratio of 2.5, no heat of hydration was observed for more than 10 hours. This sample was still not set by the end of the experiment. Clearly, the sodium silicate with high silicate content had a strong retarding effect on hydration of CAC under the experimental conditions.
Effect of SMS on fly ash dissolution was studied in calorimetric tests (not shown) at 85 o C. The tests included SMS dissolution (9 wt.%), fly ash dissolution in water (57 wt.%) and fly ash (57 wt.%) -SMS (9 wt.%) blend dissolution. As expected, the waterfly ash sample did not release any heat for more than eight hours, and was still fluid when removed from the calorimeter, suggesting that no interaction occurred between the water and fly ash. Very little heat, if any, evolved from SMS solution since most of the exothermic dissolution occurs before the ampule comes into equilibrium with 85 o C-pre-heated calorimeter and heat-flow measurements begin. In contrast, there was a notable heat flow from the SMS-activated fly ash slurry due to the dissolution of fly ash with the breakage of the covalent bonds in Si-O-Si and Al-O-Al. Figure 3 shows the setting times of TSRC with different retarders determined from calorimetric curves at the onset point of the second heat flow peak that according to the manual testing with a spatula corresponded to the slurry hardening. Both citric-and boric-acids mildly retarded the setting of cement, while oxalic acid slightly accelerated it. Among the retarders tested, only tartaric acid showed predictable increase in setting time with the increased retarder concentration and long delays of cement set.
Compressive Strength
The tests revealed that concentrations of retarders up to 0.7 % bwob did not greatly change the compressive strength of the cement. However, the 24 hr-curing time was not long enough for the cement to develop the full strength when the content of TA, CA, and BA was increased to 1 %. The compressive strengths of CA and BA-retarded blends were 1.4 and 2.0 MPa, respectively, which was 2.5-and 1.7-fold lower than that of the reference cement. With 1% TA, the cement specimens were too weak to measure compressive strength.
The compressive strength of the non-retarded cement rose 45% and 106 % to 4.8-and 6.8-MPa after curing for 24 hours at 200° and 300°C, respectively. The results were similar for all the retarded samples, implying that retarders did not change the compressive strength of cement cured for 24 hrs at 200° ( Figure 5 ) and 300°C (not shown).
Effect of TA on Crystalline Composition of Hydrated TSRC
The major differences between the retarded and control samples at 85 o C included: 1) much stronger signals from crystalline hydration products for the control sample, including those for katoite (ICDD 00-024-0217) and katoite with partially substituted (OH) -by (SiO 4 )
-with the formation of C 3 AS n H m that engendered the division of the C 3 AH 6 lines (ICDD 00-038-0368) [15] ; gibbsite (ICDD 00-007-0324) and 2) the presence of some crystalline hydrates in the control that are absent on the patterns of the retarded sample, among them crystalline calcium silica aluminate hydrate, Linde A both with and without calcium (ICDD 04-010-2002 and 00-038-0241) [15] (Figure  6 ). The retarded sample showed smaller peaks of katoite and gibbsite as crystalline hydration products along with the peaks of non-hydrated CA 2 phase. Tartaric acid clearly interfered with hydration of the cement and crystallization of the hydration products at this temperature.
Peaks of many new crystalline hydrates appeared after the samples were autoclaved at 300 o C for 24 hours (Figure 7 ). For the control sample these peaks were zeolites ascribed to analcimetype zeolites (analcime-C ICDD 00-041-1478, wairakite ICDD 00-015-0139), thomsonite Ca (ICDD 00-046-1448) and some sodalite-type zeolites (sodium sodalities ICDD 04-009-5259, 00-041-1478, 04-008-4817 and potassium, sodium sodalite ICDD 01-073-5304). Gibbsite converted to boehmite and Linde A peaks almost disappeared. The sample with 1% TA gave strong peaks of sodalite-type zeolites with the largest peaks from the mixed sodium, potassium sodalite, while the peaks of boehmite were significantly smaller than in the control sample. No other types of zeolites were identified for this sample. Interestingly, zeolites, which formed in the presence of the retarder (sodalities) had higher aluminum content than those formed in the control sample (analcimes, thomsonite), where significant part of Al was bound into gibbsite at lower temperature. The phase transformation from low-temperature to high-temperature stable phases (gibbsite to boehmite, Lind A to other zeolites) was not as significant or absent with TA as in the control samples. Generally, phase transformation is undesirable since it may compromise mechanical properties of the sample. The data suggest that TA limits crystallization of gibbsite at 85 o C and boehmite at 300 o C promoting aluminum incorporation into sodalite-type zeolites.
Role of TA in Controlling Cement SetCalorimetric and ATR-FTIR Studies
Since TA was the most efficient retarder for CAC its effect on the SMS-activated CAC/fly ash cement composite (TSRC) at 85°C was studied in more details.
Firstly, effect of TA on the hydration of SMS activated fly ash was evaluated in calorimetric tests. Although the shape of the curves did not change with the addition of the retarder the maximum of the heat flow gradually decreased by 3% and by 15.7% with 0.5 wt.% and 1.0 wt.% TA respectively, demonstrating that TA inhibited to some degree the interaction of fly ash with SMS. In contrast, fly ash did not show any heat release and the sample was still fluid after the test in the presence of 1 wt.% TA without SMS. Thus, TA only interfered with the SMS-Fly ash reactions.
The possible reaction products of TA and SMS were identified by preparing a solution with 0.5 g TA, 0.5 g SMS, and 15.8 g water. A sealed container with this solution was heated in an oven at 85 o C for 24 hours. The gel formed in the solution was separated by centrifuging and then dried for 24 more hours at 85°C for ATR-FTIR analysis (Figure 8 ). For comparison, two reference solutions of TA and SMS alone were prepared in the same manner. The AFT-IR spectrum of TA encompassed vibration bands attributed to six major bonds [16, 17] : the first was the C=O stretching vibration in a carboxylic acid at 1734-and 1718-cm -1 ; the second was associated with O-H in-plane bending vibration at 1443-and 1393-cm -1 ; the third was due to C-O stretching in the acid, and ranged from 1361-to 1218-cm -1 ; the fourth was associated with C-O stretching related to the alcohol in the region between 1181-and 1085 cm -1 ; the fifth belonged to O-H out-of-plane bending at 990-and 936-cm -1 and, the sixth was the presence of C-H bending in the region 1322-1127 cm -1 . The spectrum of SMS had three prominent bands at 1429-, 932-, and 863-cm -1 , respectively attributed to the CO 3 2-possibly in the sodium carbonate, the Si-O stretching mode in non-oxygen bridged SiO -Na + group, and the Si-O stretching in the silanol Si-OH group [18] . The gel spectrum had four new bands at 1596-, 1394-, 1061-, and 796-cm -1 . The contributors to all bands, except at 1061 cm -1 , were the sodium tartrate, a reaction product of SMS and tartaric acid; namely, the two bands at 1596-and 1394-cm -1 were the C-O asymmetric-and symmetric-stretching modes in the sodium carboxylate group, -COONa, while that at 796 cm -1 was due to the Na + ---O linkage [19] [20] [21] . There was no C=O band in this spectrum related to the carboxylic acid. Thus, the COOH in TA had reacted with the NaOH in the SMS solution at 85°C to form a sodium-tartrate salt. This fact may explain why the MHF of SMS-activated fly ash declined in the presence of TA. On the other hand, the new band that emerged at 1061 cm -1 was due to the Si-O stretching of the oxygen-bridged Si-O-Si linkage [22, 23] . Further, this spectrum revealed a considerable decay of sodium carbonate-, SiO -Na + absorbance, and the complete disappearance of Si-OH-related absorbance. Formation of the Si-O-Si linkage, suggests that the reactions between TA and SMS not only led to the generation of sodium tartrate, but also promoted condensation reactions to form a colloidal polysilicate.
Further effect of TA and SMS on CAC hydration was studies. The heat-flow curves of foamed CAC hydration alone, with SMS, and with both SMS and 0.5% bwoc TA had two peaks. The first peak's MHF drastically decreased from 168 mW/g for CAC alone to 5.6 mW/g when 0.5% bwoc TA was added to the slurry. In addition, a second CAC hydration peak appeared between 1hr 4 minutes and 5hr 20 minutes, suggesting that even a relatively low concentration of tartaric acid retards the hydration of calcium aluminate cement.
The CAC/SMS system without TA had a strong first peak of 16 mW/g MHF, and broad second peak with 6 mW/g MHF. Although the onset time of this No. 2 peak was similar to that in the CAC/0.5% bwoc TA system, the end time was 14 hours later with TA. The combined TA-SMS system appeared to be more effective in inhibiting CAC hydration than TA or SMS alone. The broad No.2 peak had the onset and end times of 2 hr 51 minutes and 36 hr 2 minutes respectively, and an MHF of 1.9 mW/g. Slurries with high amounts of the reagents allowed identifying the possible CAC-TA-SMS products. The three CAC slurries prepared for the FT-IR analysis were 1) 0.5 g CAC + 0.5 g TA + 0.5 g water, 2) 0.5 g CAC + 0.5 g SMS + 0.5g water, and, 3) 0.5g CAC + 0.2 g water ( Figure 9 ). To prepare the slurries first, 0.5 g water was added to the dry CAC/TA or /SMS mixture; second, the sealed containers with the mixtures were placed in an oven at 85°C for 24 hours; and, finally, the cured cements were dried at 85°C for 24 hrs.
The CAC/water system showed a typical spectrum of katoite, Ca 3 Al(OH) 6 (C 3 AH 6 ), and gibbsite, Al(OH) 3 (AH 3 ) phases [24, 25] ; namely, this spectrum involved three distinctive vibration modes related to these phases, the O-H stretching in 3621-3452 cm -1 region, Al-O asymmetric stretching at 1019-and 965-cm bands at 965-, and 879-cm -1 were the bands from SiO -+ Na and Si-OH groups, respectively. Compared with these spectral features, CAC/TA system developed three new bands at 1645-, 1378-, and 759-cm -1 belonging to the complexed carboxylate groups with the TA-associated bands at 1127-, 1063-, 843-, and 803-cm -1 . When CAC comes in contact with water, the two major reactants in CAC, CA and CA 2 , undergo hydrolysis. Since CaO has a higher solubility the calcium ions pass into the solution more readily leaving the surface richer in Al 2 O 3 [26] . Hence, it is likely that Ca 2+ was the major source of cationic metal species in this carboxylate complex, forming calcium tartrate [27, 28] .
This information suggests the following hypothetical reaction pathways of TA in the SMS-activated CAC/fly ash system: firstly, the COOH groups within TA react with NaOH dissociated from SMS to form sodium tartrate, whilst the SMS also forms an ionic sodium polysilicate species in the solution; secondly, the SMS-TA interactions partially suppress the hydrolysis of fly ash, and simultaneously, ionic sodium polysilicate reacts with CAC, reducing the rate of CAC dissolution or/and product formation; thirdly, Ca ions derived from CAC dissolution also react with COOH in TA to yield two types of tartrate compounds (calciumbased and calcium/sodium-combined); and, fourthly, these tartrate compounds also slowed down the hydration of fly ash and CAC.
Thickening Time Tests With Tartaric Acid
Preliminary thickening time tests evaluated pumpability of TSRC slurries retarded with tartaric acid according to the API procedure B-10. In these tests the temperature and pressure increased to their target values of 85 o C and 5.5 kpsi in 40 minutes. The pressure was on the higher end of those encountered in geothermal wells. In addition to the high pressure the thickening time tests involve shear, which is absent in calorimetric tests. A pressurized cell rotates around a fixed paddle at 150 rpm imitating circulating conditions of cement placement in a wellbore. Both pressure and shear generally strongly affect the time of cement solidification. On the other hand the time of compressive strength development cannot be directly inferred from thickening time tests. The "thickening" time denotes time when the slurry stays fluid enough to be pumpable under the conditions of the test. At later times it becomes too thick for the safe placement in a well during normal field operations. It is generally accepted that slurry with a consistency above 70 Beaden units as measured in thickening time tests is too thick to pump safely.
A good set-control additive or retarder should be able to predictably control the setting time of the cement through variations in its concentrations. Preliminary thickening time tests with three different tartaric acid concentrations demonstrated that the thickening time of TSRC can be controlled by this retarder. Figure  10 gives the point of departure time (time when the consistency increase begins) for the three tested tartaric acid concentrations.
It is worth noticing that for 1% bwob retarder concentration the cement thickening time measured under conditions of shear and pressure was significantly shorter than the setting time corresponding to the major heat flow peak in calorimetric experiments (3.5 hrs vs. 97.3 hrs respectively), which could indicate gel formation during the thickening time tests that would result in a short test time. Although more data are needed to further develop TSRC placement technology with tartaric acid, these preliminary results show that the blend can be pumped for long times and the pumping time can be changed by varying retarder concentration.
Conclusions
In sodium metasilicate (SMS)-activated calcium aluminate cement (CAC) blended with Class F fly ash, SMS had two important effects at 85°C: one was promoting dissolution of fly ash, the other was retardation of the CAC hydration. A possible scenario is that SMS, along with fly ash, participated in the formation and precipitation on CAC of ionic sodium polysilicate that interfered with CAC hydration.
Among the tested compounds, including oxalic acid, D-( -)-tartaric acid, citric acid, and boric acid, tartaric acid (TA) was the most effective in delaying the onset time and the time between the start and the end of the heat release in calorimetric tests at 85°C. The experimental results suggest that the carboxylic acid, COOH, group within TA reacted with sodium from SMS and cations from CAC dissolution to form tartrates. The consumption of sodium and calcium in the tartrate salts further promoted formation of polysilicate ions that interfered with CAC hydration. The tartrate salts, in turn, reacted with the active dissolution sites of CAC and possibly with Na-Al-Si-chains, through bridging calcium/ aluminum and so preventing dissolution in the first case, and crystallization in the second one. Delayed aluminum dissolution and calcium-aluminum-silicate crystallization entailed the changed crystalline-phase composition of retarded samples at short hydration times. Sodalite formation was promoted in the presence of tartaric acid. Preliminary thickening time tests at 85 o C and 5,500 psi confirmed retarding effect of tartaric acid under conditions of shear and pressure.
